The highly polymorphic D1S80 locus has no known genetic function. However, this variable number of tandem repeats (VNTR) locus has been highly valuable in forensic identification. In this study we report the allele and genotype frequencies of five African populations (Benin, Cameroon, Egypt, Kenya, and Rwanda), which can be used as databases to help characterize populations and identify individuals. The allele frequencies were used to infer genetic associations through phylogenetic, principal component, and G test statistical analyses. Compliance with Hardy-Weinberg equilibrium expectations was determined as were F ST estimates, theta p values, and power of discrimination assessment for each population. Our analyses of 28 additional populations demonstrate that the D1S80 locus alone can be used to discriminate geographic and ethnic groups. We have generated databases useful for human identification and phylogenetic studies.
we examined five African populations and their phylogenetic relationships in relation to non-African populations according to the D1S80 locus. DNA samples were collected from individuals of Bantu tribes in Cameroon, Kenya, and Rwanda (Hutu) and the Fon ethnic group of Benin. Collectively, sub-Saharan populations are known for their high levels of genetic diversity (Cavalli-Sforza et al. 1994) . The fifth African group sampled is from the Tanta region of Egypt and is mainly made up of Arabs and Berbers (Harich et al. 2002) . The majority of all sub-Saharan Africans belong to Bantu-speaking populations (Williamson and Blench 2000) . Bantu is a large group of about 450 related languages (Guthrie 1971) .
The current location of Bantu-speaking populations reflects the spread of farming during the agricultural revolution, which started relatively late in subSaharan Africa, about 3000 b.c., and extended to a.d. 500 (Huffman 1982) . Archeological and linguistic data support the notion that the major subgroups of modern Bantu populations and their geographic location stem from Neolithic times (Holden 2002) . Likely locations for the ancestors of Bantu-speaking populations include present-day Benin and Cameroon (Vansina 1990) . One branch of the Bantu dispersal moved in a southeastern direction and reached the Lake Victoria area, located in present-day Kenya and Rwanda, during the last century b.c. (Schmidt 1975) . Limited genetic information mirrors the more extensive linguistic and archeological data in terms of the origin and migration patterns of this major human diaspora (Holden 2002; Pereira et al. 2002) . The populations examined in this study were sampled from geographic regions representing different stages of the Bantu expansion.
The geographic regions sampled in this study are ethnically heterogeneous. For example, Benin is currently populated by 42 separate ethnic groups (Levinson 1998) , and Cameroon has more ethnic groups (approximately 200) than any other country in Africa (Levinson 1998) . Kenya, on the east coast of Africa, has been influenced historically by several Arab groups, especially along its coastline. There are more than 100 different ethnic groups established in Kenya (Levinson 1998) . In addition, Arabs, Asians, and Europeans make up less than 1% of the total population of Kenya (Maxon 2002) . The Egyptian Arab and Berber samples were collected from the Nile delta in the region of Tanta. Berbers were the earliest known inhabitants of North Africa (Clancy-Smith 1997). Subsequently, different groups of people, including Phoenicians, Greeks, and Romans, were attracted to the area and populated the fertile Nile delta region (ArnaizVillena et al. 2002) . Since a.d. 711, Arabs have occupied the region and have admixed with the Berbers (Clancy-Smith 1997) .
In this study we report for the first time the allele frequencies of the VNTR D1S80 locus of African groups from Benin, Cameroon, Egypt, Kenya, and Rwanda and compare them with 28 other worldwide reference populations. Allele and genotype frequencies were determined. Compliance with HardyWeinberg equilibrium expectations was ascertained. F ST estimates and power of discrimination values were calculated for each of the five populations. In addition, the 28 reference populations were incorporated into our study to ascertain genetic similarities. Allele frequencies were used to infer genetic associations through phylogenetic, principal components, and G test statistical analyses. Although a single locus may not be representative of genomewide characteristics of populations, the highly polymorphic D1S80 marker generated robust, statistically significant information consistent with data based on numerous and varied genetic systems. In addition, the D1S80 system provides for both rapid and inexpensive phenetic information.
Materials and Methods
Collection of Samples and DNA Isolation. All samples were procured from unrelated individuals and consisted of whole blood collected in Vacutainer tubes containing EDTA. The individuals were identified by biographical information traced back at least two generations. Each collection was arranged through the leaders of the regions and supervised by the same. Samples were collected according to ethical guidelines, as outlined by the Florida International University Institutional Review Board. The blood samples were lysed, and leukocyte nuclei were separated from the rest of the blood components using a previously reported method (Antunez-de-Manolo et al. 2002) . The DNA was then purified using proteinase-K digestion and standard organic phenol-chloroform extraction (Novick et al. 1995) . All samples were stored at ‫מ‬ 80ЊC when not in use.
Amplification of DNA. PCR was performed in a Perkin-Elmer 480 thermal cycler. Amplification parameters and the sequence of the forward and reverse primers have been previously described (Kasai et al. 1990 ). PCR amplifications were carried out in 25-l reactions containing 16.3 l of water, 2.5 l of 10X buffer with 15 mM MgCl 2 , 2.5 l of 0.15 mM dNTPs, 1.25 l of 10 M of each primer, 0.2 l (5 U) Taq DNA, and 10-50 ng of DNA sample. The PCR parameters were previously described by Duncan et al. (1996) . The Benin samples were pre-amplified with DOP (degenerate oligonucleotide primer), as previously described (Buchanan et al. 2000) . This method of PCR enriches high-molecularweight DNA and is particularly useful when a DNA sample is of poor quality or low yield. To perform the D1S80 amplification reaction, we used 6 l of the DOP PCR product.
Vertical Polyacrylamide Gel Electrophoresis. A 39:1 acrylamide/bis acrylamide stock solution was used to make 8% polyacrylamide 1X TBE gels. Gels were 35 ‫ן‬ 45 cm in size and 0.8 mm thick. An Applied Biosystems AmpliFLP D1S80 allelic ladder was included every four samples as a size marker to allow the genotyping of samples. The gels were electrophoresed at 1000-1200 V for 5-6 hr, depending on the migration of the xylene-cyanol tracking dye. All gels were silver stained to visualize the alleles. Silver staining was performed according to methods previously reported (Allen et al. 1989 ).
Sampled Populations. All the sampled sub-Saharan populations belong to the Niger-Congo language family (Cavalli-Sforza et al. 1994 ). The population sample from Benin is made up of 100 individuals from the Fon ethnic group. They were collected in the southern part of the country from the Zagnanado population. The Kenya group consists of 106 Bantu individuals from small villages 100 km northeast of Nairobi. The Rwanda population is composed of 100 individuals of the Hutu tribe, a Bantu group. The Egyptian group was collected in the region of Tanta, located at the center of the Nile River delta, and it is made up of 100 individuals. This population is primarily Arab and Berber in origin. Arabian and North African populations, like the Egyptians, speak languages that belong to the Afro-Asiatic family (Murdock 1959) . Also, this North African Egyptian group may share ancestry, to a lesser extent, with Greeks, Turks, and other Mediterranean basin people. The Nile River delta population is mainly Caucasian in origin. The Cameroon group consists of 16 Bantu individuals from villages 50 km southwest of the city of Yaounde, in the southern region of the country. Another 28 worldwide populations were analyzed along with our 5 African populations to ascertain genetic relationships. Allele frequencies from these additional 28 groups were obtained from the literature, as indicated in Table 1 .
Statistical Analysis. The gene-counting method (Li 1976 ) was used to generate allele and genotype frequencies. Allele frequencies were analyzed using PHYLIP 3.5 (Felsenstein 1993) , the Numerical Taxonomy and Multivariate Analysis System (NTSYS) Principal Component program (Rohlf 2002) , and a G test program (Carmody 1990 ). The maximum-likelihood tree option in PHYLIP 3.5 was used to visualize the general phylogenetic relationships among populations. A large number (1000) of bootstrapped data sets generated by Seqboot was analyzed using the CONTML program. Bootstrap analysis provides a conservative test of the level of support for each node on the tree (Holden 2002 ). The CON-TML and Consense programs configured the best-fitting tree directly from the allele frequencies.
The principal-components (PC) test was performed to generate two-dimensional plots of PC 1 and PC 2. The principal-components analyses, based on the relevant population frequencies, were performed by means of the NTSYS program. The G test generates a 2 ‫ן‬ 2 contingency table based on the observed and expected values for each pairwise comparison (Rangel-Villalobos et al. 1999) . One thousand simulations were done for each pairwise comparison. The G test ascertains which pairs of populations are homogeneous with each other.
Expected heterozygosity values were compared to those reported in the literature for other populations. Conformance with Hardy-Weinberg equilibrium expectations was tested by using the Fisher exact test and the chi-square test within the Genetic Data Analysis (GDA) program (Lewis and Zaykin 2001) . The a. These codes are used in Table 5 . 
N is total number of individuals.
GDA program was also used to calculate theta p values, which are equivalent to F ST values (Lewis and Zaykin 2001) . Theta p values have been used to correct for the effects of subpopulation structure (Monson and Budowle 1998) . This test assumes no mutation rate and symmetric migration. If these assumptions are met, the values range between 0 and 1. Power of discrimination values were estimated according to the method previously described by Saferstein (1982) .
Results
The populations examined in this study are listed in Table 1 . Table 1 also includes the geographic locations and references for each population. Table 2 lists the allele frequencies for the five African populations sampled and analyzed in this study. D1S80*24 is the most frequent allele in the Benin, Kenya, Rwanda, and Egypt populations. In contrast, in the Cameroon population the *34 allele is the most common (0.313) followed by allele *24 (0.219), which has a frequency similar to the other four African populations studied. Previous studies have shown that alleles *24, *28, and *34 are the most frequent among African groups (Duran and Ruiz-García 2001) . The observed heterozygosities for Benin, Cameroon, Kenya, Rwanda, and Egypt (Tanta) are 0.8500, 0.8130, 0.9340, 0.8500, and 0.7200, respectively (Table  3) . These high levels of heterozygosity are consistent with the reported elevated genetic diversity within sub-Saharan African populations at other loci (Watkins et al. 2001) . The level of observed heterozygosity in non-sub-Saharan African populations previously examined for the D1S80 locus ranges from 0.458 in Bari Native Americans to 0.806 in southeastern Hispanics Duncan 1996) ; these values are lower than those in the sub-Saharan African groups. The theta p values for the Benin, Cameroon, Kenya, Rwanda, and Egypt populations are 0.032, 0.021, 0.027, 0.029, and 0.009, respectively. Figure 1 shows a radial representation of a maximum-likelihood tree. All of the African groups and all the populations of African descent (Bahamas and Haiti) cluster together in a major clade. Populations of African descent and the Tanta collection from Egypt, which is known to have experienced gene flow from sub-Saharan regions, mainly by way of the Nile waterway, group closer to the two Caucasian clusters (i.e., the Middle East-Southwest Asian clade and the European group of populations). The East Asian and Native American groups make up the next major clade. In this major clade the East Asian groups segregate away from the Native Americans and the insular East Asians segregate from the continental East Asian populations. The bootstrap values, the results of a conservative test of support, indicate the likelihood that the depicted relationships are statistically significant. Bootstrap values greater than 50% (indicated as 500 or greater in Figure 1 ) are considered indicators of significant phylogenetic relationships. All bootstrap values, except two 48% bifurcations, are above 50%. Most of the bootstrap values are above 90%.
Figures 2-7 illustrate a series of principal-components analyses. In Figure  2 , which includes all worldwide populations, PC 1 (depicted along the x-axis) represents 21% of the variability, whereas PC 2 (reflected along the y-axis) accounts for 14% of the variability. PC 1 shows delineation between African populations and all other populations (see Figure 2) . PC 2 separates East African Figure 1 . Maximum-likelihood tree with bootstrap values. This tree was generated directly from the allele frequency data of the D1S80 locus from 33 populations using PHYLIP 3.5c (Felsenstein 1993) . The percentages at each bifurcation represent bootstrap values determined with the Seqboot and Consense options in the PHYLIP 3.5c program. populations from Central and West African groups. Admixed populations of African descent group at the fringes of the African cluster that is closer to the West African groups in the direction of the Caucasian populations. This is expected because populations of African descent in America are of West African ancestry, with contributions from populations of European descent. PC 2 also segregates the East Asians from the Native American groups. Caucasians separate from the other groups along PC 1 and PC 2. Although the Caucasian populations cluster closer together than any of the major geographic groups, PC 2 allows for the segregation of the Middle East-Southwest Asian groups from the Europeans. Of the three major geographic groups, the Orientals, represented by East Asian and Native American groups, form a more diffuse assembly than the Caucasian and sub-Saharan African clusters. The Egyptian population plots away from the Caucasian cluster in the direction of the sub-Saharan African populations, as expected because of gene flow from the south. Figure 3 illustrates a principal-components analysis of the worldwide populations depicted in Figure 2 minus the East Asian and Native American groups. Here, PC 1 represents 28% and PC 2 14% of the variability. The subtraction of these two population groups allows for a greater separation between the subSaharan groups, although the geographic partitioning observed in the totality of the populations is compromised; the West African populations of Congo and Nigeria now segregate with the East African populations (Figure 3 ). On the other hand, within the Caucasian cluster a clearer segregation of Middle EastSouthwest Asian groups from European populations can now be observed. When only the sub-Saharan African populations are considered, PC 1 and PC 2 represent 28% and 23% of the variability, respectively (Figure 4) . In Figure  4 an even greater separation between the populations is observed. As in Figure  3 , the geographic partitioning of East from West African groups is not as well delineated as in the principal-components analysis with all the populations (Figure 2) . Deleting the Caucasian groups from the principal-components analysis has the effect of aggregating all sub-Saharan populations into a compact cluster in which East and West African populations are not separated ( Figure 5 ). The variability provided by Figure 5 is 26% for PC 1 and 19% for PC 2.
In Figure 6 the Native American groups were excluded from the analysis. The variability reflected in PC 1 and PC 2 is 26% and 17%, respectively. In this figure the separation among sub-Saharan populations is comparable to the one provided by the principal-components analysis of all populations (Figure 2) . The one exception is that the East African population from Kenya is within the West African cluster. When the East Asian populations are excluded from the principalcomponents analysis, the sub-Saharan populations do not segregate into geographic zones (Figure 7) . The East African groups from Rwanda and Zimbabwe segregate in between the two Cameroon populations from West Africa, and the East African Kenyans cluster with the West African populations. Similarly, among the Caucasian groups, the Middle Eastern population from Dubai groups away from the other geographically close populations and with the Europeans. The data presented in Table 4 indicate the results of tests for adherence to Hardy-Weinberg equilibrium expectations. The Benin population did not conform to Hardy-Weinberg equilibrium according to the Fisher exact test (p ‫ס‬ 0.019). The high theta p value for Benin may indicate subpopulation structure, which could also be responsible for the population's violation of HardyWeinberg equilibrium. The Rwanda population was also shown to be marginally out of Hardy-Weinberg equilibrium by the chi-square test, with a p value of 0.036.
The G test performed on the 33 different populations (Table 5 ) provided data consistent with the other statistical tests previously mentioned. No significant differences were seen between the Egyptian and other Caucasian groups, and, in general, populations within the major geographic groups were not found to be significantly different from each other. Notable exceptions are the Mapuche and Navajo populations compared to other Native Americans. The Mapuche and Navajo populations were heterogeneous with respect to other Native Americans but not significantly different from the European groups. This might be attributed to admixture with groups of European descent.
Discussion
The observed heterozygosity for each of the five African populations in our study is greater than 70%, yet the sub-Saharan populations exhibit higher heterozygosity values from 81% to 93%. Of the five African populations examined in this study, the Kenya group exhibits the highest level of heterozygosity, 93.4%. These heterozygosity values are indicative of substantial genetic diversity in the D1S80 locus. A heterozygosity of 87.6% was previously reported in an African American population (Budowle et al. 1997 ). The power of discrimination value of the D1S80 locus is high, with values above 90% for all five populations. Previous reports have indicated that the discrimination power for this locus ranges between 94% and 98% for worldwide populations (Applied Biosystems 2001).
Of the five populations genotyped in our study, only the Benin population was found not to be in elevated theta value in Benin could be related to the lack of genetic equilibrium, which in turn could be due to subpopulation structure. The overall theta p value, reflecting the allele variance in the D1S80 locus in the five African populations, was 0.023. This is comparable to the 0.019 value reported for other populations (Klitz et al. 2000) . The National Research Council II on forensic DNA fingerprinting recommends the use of such a factor in probability calculations of all forensic cases. Recommendation 4.1 of this council's 1996 report suggests that a theta value of 0.01 should be used for United States populations, whereas a value of 0.03 would be appropriate for more isolated populations to correct for the effects of subpopulation structure (Committee on DNA Forensic Science 1996).
In the maximum-likelihood dendrogram presented in Figure 1 , the Middle Eastern groups (i.e., Saudi Arabia, Dubai Arabs, and Arab Moslems) cluster by themselves into a subclade separate from the other Caucasian populations. The East Asians are also shown to be distinct and segregate into a subclade separate from the Native American populations, even though they group in the same cluster. Furthermore, the East Asians separate into an insular subclade (Taiwan and Philippine) and a continental (China and Korea) subclade. Similarly, the two South American native populations (the Bari and Chimila Amerindians) cluster together distinctly from the North American groups (the two Alaskan Eskimos populations and the Navajo). It is interesting that, within the African cluster, admixed populations of sub-Saharan African descent (Haiti and Bahamas) are located in the fringe of the clade closer to other geographic groups. Considering that the bootstrap values were derived from a single locus, it is remarkable that few nodes score below 90% probability. The overall topology of the maximumlikelihood tree based on D1S80 allele frequencies conforms closely to the accepted segregation of populations along geographic and ethnic groups based on classic genetic markers as well as protein and immunological polymorphisms (Cavalli-Sforza et al. 1994 ). D1S80 is not only capable of accurately segregating populations into geographic groups but is also able to discriminate between groups belonging to different biogeographic areas within the same ethnic group (e.g., Middle Easterners and Southwest Asians from Europeans, East Asians from Native Americans, native North Americans from South American Amerindians, and sub-Saharan African populations from admixed groups of sub-Saharan African descent).
The principal-components plot based on all worldwide populations ( Figure  2 ) clearly delineates the sub-Saharan African populations from the other populations along the x-axis. Within the sub-Saharan African cluster there is an evident separation of East African groups (Kenya, Rwanda, and Zimbabwe) from West African populations (Benin, Cameroon, Cameroon2, Congo, and Nigeria) and from populations of West African descent (Haiti and the Bahamas) along PC2. The admixed Haitian and Bahamian populations of sub-Saharan West African descent segregate at the fringes of the African cluster in the direction of the Caucasian groups. The North African population from the Nile delta falls between these admixed groups and the Caucasians but nearer to the Caucasians. The sub-Saharan groups had the highest range of variability along the x-axis, spanning from the Cameroon population to the Haitians.
Orientals (i.e., East Asians and Native American populations) are the second most variable group along the x-axis, yet they are better resolved along the y-axis. This geographic group is the most dispersed with respect to the first two principal components. This diffused segregation of East Asians and populations of East Asian descent (Native Americans) may be the result of many factors, such as genetic drift, founder effects, inbreeding, and admixture experienced by Native American groups (Salzano 2002) . The East Asian populations group together some distance from Native American populations along PC 2. The principal-components plot also provides the resolution to segregate the North American populations (the two Alaskan Eskimo groups and the Navajo) from the South American groups (Bari and Chimila). The Navajo's geographic location in between the Alaskan Eskimo groups and the South American populations is reflected in their intermediate plot position between the two. The most likely explanation for the Mapuche's clustering with Caucasians is their high level of admixture with Europeans. Also, the close proximity of the Chimila, an Amerindian group, to the Caucasian cluster might represent some degree of gene flow from Europeans. The European populations are clustered together closely, implying more similarity within the group. Limited genetic diversity among European populations has been previously reported using various types of genetic markers (Cavalli-Sforza et al. 1994) . Segregation, however, is evident between the Middle East-Southwest Asian groups (Caucasian populations) and European populations or populations of European descent. Although the principal-components plot was able to better resolve the sub-Saharan African populations along the east-west geographic axis of the continent and the maximum-likelihood analysis better delineated the genetic affinities between populations from Greece, Andalucia, and the Canary Islands with African groups, overall there exists a striking parallelism between the maximum-likelihood and principal-components results.
To provide greater detail on the phylogenetic relationships of sub-Saharan African populations, we performed a series of principal-components analyses in which geographic groups of populations were sequentially subtracted. As expected, the deletion of specific geographic groups outside sub-Saharan Africa generated plots representing a greater percentage of the total diversity. This may indicate a reduction in the distortion introduced by including the rest of the world. The subtraction of the East Asian and Native American groups increased the detected combined PC 1 and PC 2 diversity to 42% of the total (Figure 3) . Not surprisingly, this principal-components analysis allowed for a greater separation between populations, including the sub-Saharan Africans, but it is not clear why the segregation of East and West African groups was less well delineated (i.e., West African populations from Congo and Nigeria grouped within the East African cluster) (Figure 3) .
A greater separation of the Middle East-Southwest Asian populations from European groups in the absence of the Oriental populations also provided greater resolution, as represented by the analysis in Figure 3 . As expected, maximum detected diversity (51%) and separation among sub-Saharan African groups were observed when they were examined by themselves (Figure 4) . A lack of segregation of East from West African populations was also observed in the principalcomponents analyses when sub-Saharan groups were examined alone or when Caucasian, Native American, and East Asian population groups were individually subtracted (Figures 4-7) . Geographic delineation between sub-Saharan populations was lowest when the East Asian groups were deleted (Figure 7) . Similarly, the previous observed segregation of Middle East-Southwest Asian groups from Europeans deteriorates when the East Asians are removed. It seems that subtracting geographic groups of populations can have multidimensional effects on the outcome of principal-components analyses and that a simple reduction in groups does not necessarily augment discrimination.
The G test indicated some genetic homogeneity within the major geographic groups. In general, the results of the G test corroborate the phylogenetic data generated from the maximum-likelihood and principal-components analyses. The G test allows for pairwise comparison of all possible combinations of populations. This provides the means to focus only on two populations at a time and to ascertain whether their genetic differences, in this case at the D1S80 locus, are statistically significant. The Mapuche group is significantly different from the Philippine, Chinese, and the two Alaskan Eskimo populations but not from the Greeks, whereas the Navajos are not different from the same four Oriental groups but are significantly different from the Greeks. Both the Mapuche and the Navajo are not significantly different from several European groups. These G test results might indicate gene flow from European gene pools into these two Native American populations.
As expected, the Mapuche and the Navajo are significantly different from all sub-Saharan African populations. The group from Egypt represents another example of admixture. This population shows no significant difference with the rest of the Caucasian groups. Lack of a significant difference with the Bahamians, a group primarily of sub-Saharan West African descent, and borderline significant distinctness ( p ‫ס‬ 0.032) from one of the Cameroon populations might indicate gene flow from sub-Saharan Africa.
